Abstract The effects of medium strategies [maintenance (M), intermediary (G), and production (P) medium] on cell growth, anthraquinone (AQ) production, hydrogen peroxide (H 2 O 2 ) level, lipid peroxidation, and antioxidant vitamins in Morinda elliptica cell suspension cultures were investigated. These were compared with third-stage leaf and 1-month-old callus culture. With P medium strategy, cell growth at 49 g l 1 , intracellular AQ content at 42 mg g 1 DW, and H 2 O 2 level at 9 mmol g 1 FW medium were the highest as compared to the others. However, the extent of lipid peroxidation at 40.4 nmol g 1 FW and total carotenoids at 13.3 mg g 1 FW for cultures in P medium were comparable to that in the leaf, which had registered sevenfold lower AQ and 2.2-fold lower H 2 O 2 levels. Vitamin C content at 30-120 mg g 1 FW in all culture systems was almost half the leaf content. On the other hand, vitamin E content was around 400-500 mg g 1 FW in 7-day-old cultures from all medium strategies and reduced to 50-150 mg g 1 FW on day 14 and 21; as compared to 60 mg g 1 FW in callus and 200 mg g 1 FW in the leaf. This study suggests that medium strategies and cell growth phase in cell culture could influence the competition between primary and secondary metabolism, oxidative stresses and antioxidative measures. When compared with the leaf metabolism, these activities are dynamic depending on the types and availability of antioxidants.
Introduction
Plant cell and tissue cultures are considered potential alternative sources to the whole plant for the production of valuable phytochemicals such as flavors, fragrances, pharmaceuticals, and nutraceuticals. Numerous strategies have been developed to improve the productivity of plant cell culture such as medium optimization, cell-line selection, cell immobilization, precursor addition, elicitation, genetic transformation, organ or hairy root cultures, metabolic engineering, and integrated bioreactor engineering (Abdullah et al. 2004; Verpoorte et al. 1999) . The understanding of plant defence mechanisms and stressrelated responses as a strategy in productivity enhancement could pave the way for the rational design of protocols regulating the quantity and distribution of selected products from the plant cell and tissue cultures.
Plants are exposed to biotic (pathogen interaction) and abiotic environmental stresses (for example, drought, pollution, UV-light, and extreme temperatures). These can lead to the generation of reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (
• OH), and superoxide anions (O 2 ), and reactive nitrogen species such as nitric oxide (NO) (Hancock et al. 2002) . H 2 O 2 generation above the threshold level can cause lipid peroxidation and programmed cell death depending on the duration of exposure of the cells.
Secondary plant metabolites such as phenolics, flavonoids, and terpenoids have been reported to be potent antioxidants (Croteau et al. 2000) . Ajmalicine, vincristine, and vinblastine (from Catharanthus roseus), taxol (Taxusspp.) , and ginsenosides (Panax ginseng) are examples of important natural products from plant tissue and cell culture systems that have shown anticancer activities coupled with antioxidative activities (Ramachandra Rao and Ravishankar 2002) . Plants have evolved high concentrations of antioxidants such as carotenoids (provitamin ), ascorbic acid (vitamin C), and a-tocopherols (vitamin E) to especially scavenge hydroxyl radicals, which are too reactive to be eliminated via enzymic antioxidants (Inze and Van Montagu 1995) . Carotenoids are able to alleviate potential damage from excited states of pigment molecules and singlet oxygen in the cell membranes. Vitamin E is an exquisite, lipophilic, free-radical scavenger, which like the carotenoids, exists within biological membranes. Vitamin C also serves as a secondary antioxidant to maintain the vitamin E pool (Alscher and Hess 1993) . Vitamins C and E share a unique property-a high capacity for free-radical scavenging activities combined with low reactivities with oxygen (Alscher and Hess 1993) .
In the investigation reported here, Morinda elliptica cell culture was used as a model system to investigate the relationship between H 2 O 2 and antioxidant vitamin levels, with the production of a representative secondary metabolite, namely, anthraquinones (AQ), as the basis for evaluation. AQs from M. elliptica have shown antiviral, antimicrobial, cytotoxic , antileukemic (Ismail et al. 1997 ), antioxidant and antitumor-promoting activities (Jasril et al. 2003) . We have established the development of maintenance (M), intermediary (G), and production (P) medium strategies for AQ synthesis in M. elliptica cell suspension culture (Abdullah et al. 1998 (Abdullah et al. , 1999 . The production of 4.5 g l 1 and 2.9 g l 1 AQ in P medium in the dark and under an illumination of 1,200 lux, respectively, are among the highest titers ever reported for plant cell suspension culture. We proposed an intermediary medium to introduce the concept of a transition period between M and P media which can be subjected to optimization (Abdullah et al. 2004 ). Cells are acclimatized or preconditioned for a specified period and not grown to a maximum as in conventionally defined growth medium, before being used as the inoculum in P medium.
Carotenoids and tocopherols are terpenoid vitamins derived from the five-carbon precursor isopentenyl diphosphate (IPP) (Croteau et al. 2000) . IPP is derived either via the mevalonic acid (MVA) pathway from acetylCoA or via 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway from 1-deoxy-d-xylulose-5-phosphate (Han et al. 2001 ). In the Rubiaceaeous plants, the A and B rings of AQ are derived from chorismic acid and a-ketoglutarate via o-succinylbenzoic acid (OSB), while ring C is derived from IPP via the terpenoid pathway (Han et al. 2001) . Ascorbic acid is used as a reducing substrate to turn H 2 O 2 into water by ascorbate peroxidases and form part of a cycle, known as the ascorbate-glutathione or HalliwellAsada cycle (Inze and Van Montagu 1995) . An understanding of how primary activities such as cell growth can be affected by secondary activities in the form of the induction or reduction of AQs and other related products from the terpenoid pathway and ascorbate-glutathione cycle, which could ultimately affect cell culture productivity and the level of oxidative stresses, would be very valuable information. M. elliptica is an excellent model system as the cell cultures have remained stable after 8 years of continuous subculture with no significant variation in the cell growth and AQ production.
The objectives of our investigation were, therefore, to investigate the effects of M, G, or P medium strategies of M. elliptica cell suspension culture on cell growth and AQ production at different stages of the cell growth phase. H 2 O 2 level, the extent of lipid peroxidation, and the content of antioxidant vitamins from cell cultures were determined and compared between third-stage leaves and 1-month-old callus culture. To date there has been no report that explains the relationship between the level of cell growth and AQ production with respect to antioxidant vitamin responses as a consequence of different medium strategies.
Materials and methods

Cell suspension, leaves, and callus cultures of Morinda elliptica
The cell line of Morinda elliptica (Rubiaceae) cell suspension cultures and methods of preparation for M, G, and P medium were as described by Abdullah et al. (1998) . Cell suspension cultures in M, G, and P media were harvested on days 7, 14, and 21 for analysis. For comparison, third-stage leaves (third-stage leaf being the leaf plucked from the petioles in the third generation following shoot formation) and a 1-month-old callus culture of M. elliptica were also analyzed.
Sample preparation
Fresh leaves were rinsed with deionized water and dried with tissue paper. Fresh callus cells were removed from solid agar, and fresh freely suspended cells were filtered out as described below. A 0.2-g aliquot fresh weight (FW) of each sample was deposited into an eppendorf tube and stored at 80C for no longer than 1 month before use. All samples were homogenized by mortar and pestle with the addition of the relevant solvents as described below. For the leaf samples, small amounts of clean sand (pretreated with 0.5 N HCl) was added to enhance homogenization.
Analytical procedures
Determination of culture pH and dry cell weight Culture pH was determined using a pH meter (Corning, Ciba, USA). Cells were harvested by suction filtration using a Buchner funnel with filter paper (Whatman no. 4). Culture volume was noted before filtration. Filtration was carried out until there was no more filtrate dripping. Filtered cells were weighed for FW and then dried in an oven at 70C for 24 h to obtain dry cell weight (DW).
Determination of intracellular AQ
Intracellular AQ was determined according to Abdullah et al. (1998) . Dried cells (0.020€0.001 g) were deposited into a vial, and 2 ml dichloromethane (Fisher Scientific, Loughborough, UK) was added for extraction several times until the extractant in the final extraction became colorless. The amount of AQ extracted was measured spectrophotometrically (Jenway 6300, Jenway, UK) at 420 nm using alizarin as a reference substance. The molar extinction coefficient for alizarin in dichloromethane is 4,923 M 1 cm 1 . The intracellular AQ level (in milligrams per liter) is obtained by multiplying the dry cell weight (grams per liter) and intracellular AQ (milligrams per gram DW).
Determination of extracellular AQ
The method used for extracting extracellular AQ was a modified protocol of that described by Robins et al. (1986) . A 5-ml aliquot of culture filtrate was acidified with 1 ml 2 M H 2 SO 4 (Merck, USA), 2 ml chloroform (Fisher Scientific) was then added, and the mixture was vortex-mixed. After 90 min at room temperature, two phases formed in the mixture. The AQ-containing chloroform phase was recovered in the bottom layer, and the aqueous phase was at the top. Extraction was repeated several times until the final extraction became colorless. The chloroform phase was pooled and evaporated at 60C. The AQ residue was re-dissolved in 5 ml 80% methanol (Fisher Scientific) and the amount of extracellular AQ was determined at 435 nm using alizarin as a reference substance.
Determination of H 2 O 2 levels
H 2 O 2 levels were determined according to Sergiev et al. (1997) . Samples were homogenized with 2 ml 0.1% (w/v) trichloroacetic acid (TCA) (Merck, USA). The homogenate was centrifuged at 12,000 g for 15 min, following which a 0.5 ml-aliquot of the supernatant was added to 0.5 ml 10 mM potassium phosphate buffer (pH 7.0) and 1 ml 1 M potassium iodide (KI). Absorbance was read at 390 nm. The blank was prepared in the same manner except that 1 ml of 10 mM potassium phosphate buffer (pH 7.0) was used instead of the sample.
Determination of lipid peroxidation
The level of lipid peroxidation was measured as the amount of malondialdehyde (MDA) that reacted with thiobarbituric acid (TBA) (Sigma Chemical, St Louis, Mo.) to form a TBA-MDA complex. The crude extract was prepared as described by Heath and Packer (1968) . A 0.2-g (FW) sample was homogenized in 4 ml 0.1% (w/v) TCA in a prechilled mortar and pestle at 4C. The homogenate was centrifuged at 3,000 g for 5 min (Universal 32-R, Hettich, Germany). One milliliter of supernatant from the crude extract was added to a test tube containing 1 ml of a solution consisting of 20% (w/v) TCA, 0.01% (w/v) butylated hydroxytoluene, and 0.65% (w/v) TBA. The samples were then mixed vigorously, heated at 95C for 30 min, and cooled on ice, before centrifugation at 3,000 g for 10 min. Absorbance was read at 532 nm and 600 nm using a UV-Visible spectrophotometer (UV-1601, Shimadzu, Australia).
Total MDA equivalents were calculated according to Heath and Packer (1968) as where 532 nm represents the maximum absorbance of the TBA-MDA complex, 600 nm is the correction for non-specific turbidity, and 155 mM 1 cm 1 is the molar extinction coefficient for MDA.
Determination of total carotenoids
Total carotenoids were determined as described by Lichtenthaler (1987) . Samples (0.2 g FW) were ground in 2 ml 80% (v/v) acetone. The homogenate was centrifuged at 3,000 g for 10 min, and the absorbance of the supernatant was measured at 663.2, 646.8 (maximum absorbance of chlorophyll a and b), and 470 nm (light absorption of carotenoids) against 80% acetone as a blank. Equations for calculating total carotenoids are as shown below: 
where A is absorbance, C a represents chlorophyll a, C b represents chlorophyll b, x represents the xanthophylls, c represents b-carotene, and C x+c represents total carotenoids.
Determination of vitamin C
Vitamin C (ascorbic acid) was measured as described by Jagota and Dani (1982) . Samples (0.2 g FW) were homogenized in 1.5 ml 10% (w/v) TCA at 4C. Following centrifugation at 3,000 g for 5 min, 0.3 ml of the supernatant was made up to 2 ml (volume) with distilled water, 0.2 ml 10% (v/v) Folin phenol reagent (Sigma Chemical) was added, and the mixture was vigorously shaken. After a 10-min reaction time, maximum absorbance was measured at 760 nm, a result of the reaction between ascorbic acid and the Folin phenol reagent. l(+)-Ascorbic acid (Hamburg Chemistry, Germany) was used as a standard.
Determination of vitamin E
A crude extract was prepared according to Hodges et al. (1996) . A 0.2-g sample was homogenized in 1 ml acetone with a prechilled mortar and pestle at 4C. Following the addition of 0.5 ml hexane, the homogenate was first vortexed for 30 s, then centrifuged at 1,000 g (Universal 32-R, Hettich, Germany) for 10 min. The upper hexane layer was removed while the acetone layer containing vitamin E remained in the vial. A second aliquot of 0.5 ml hexane was added, and the extraction process was repeated at least twice. Vitamin E analysis was according to Kanno and Yamauchi (1997) . A 0.4-ml aliquot of 0.1% (w/v) 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (PDT) (Sigma Chemical) was added to 0.2 ml of pooled extract. The volume was made up to 3 ml with absolute ethanol, 0.4 ml 0.1% (w/v) ferric chloride (FeCl 3 ·6H 2 O) was added, and the content was gently mixed under dim light in a dark room to avoid photochemical reduction. After a 4-min reaction at room temperature, 0.2 ml 0.2 M orthophosphoric acid was added and the mixture left for another 30 min. Absorbance was determined at 554 nm, which is the maximum absorbance of the PDT reaction mixture, ferric chloride, and a-tocopherol (vitamin E). The blank was prepared in the same manner except that absolute ethanol was used instead of the sample. Vitamin E (Sigma Chemical) was used as a standard, where 1 g of vitamin E standard contains 0.67 g atocopherol.
Statistical analysis
All data presented are the mean values of two independent experiments, each with three replicates, and statistically analyzed by Duncan's Multiple Range Test using computer software Statgraphic plus professional ver. 5 (Manugistics, Rockville, Md.).
Results and discussion
Relationships between cell growth, AQ production, and H 2 O 2 level
The kinetic profiles of M. elliptica cell culture in M, G, and P media have already been established (Abdullah et al. 1998 (Abdullah et al. , 2004 . For the present investigation, the kinetic profile was re-established as shown in Fig. 1 . Days 7, 14, and 21 chosen for analysis represent the early-exponential, mid-exponential, and stationary phases of the G and P medium cultures. For the M medium, the higher cell growth rate (t d =2 days) shows that the cultures are already entering the end of the exponential phase on day 14 with cell DW at 16.3 g l 1 . Cells in both the M and G medium were fine and yellowish, with the latter slightly more intense in color. Cells from the P medium were reddishbrown and more granulated, with the color becoming increasingly darker (brown) towards the end of stationary phase. Table 1 shows cell DW, AQ production, culture pH, and the H 2 O 2 level of M. elliptica cell suspensions cultured under the M, G, and P medium strategies as well as those for 1-month-old callus and the third-stage leaf. A comparison of cell DW in G(day 7)-3.9 g l 1 -and (7) suggests that high osmotic stress imposed by 8% (w/v) sucrose at the beginning of the culture reduced the growth rate of cell suspensions in the G and P media. Cell growth rate started to accelerate after day 7, when cell DW in G(14) and P(14) were comparable to that in M (14) at approximately 16-20 g l 1 . Cell DW of the suspensions of P(21), at 49.2 g l 1 , was twice that of M(21) and G(21). Maximum cell DW (Fig. 1a) for M, G, and P media were registered at 17.2, 24.6, and 49 g l 1 , respectively, which was consistent with that reported by Abdullah et al. (1998) . The pH in all cultures ranged from 4 to 5 (Table 1) , which was conducive for cell growth and AQ production. The pH was constant at around 4.5 from G(14) to G(21) but was slightly more basic-between 4.3 and 4.9-from P(14) to P(21). This confirms the earlier finding that highly productive cultures have a more basic pH (Abdullah et al. 1999) . We therefore conclude that the effect of culture pH as a stress factor is negligible. Figure 1b shows that the intracellular AQ level in medium G started to increase on day 12 (mid-exponential phase) from 3 mg l 1 to 43 mg l 1 , subsequently reaching stable levels of between 120 mg l 1 and 400 mg l 1 . With the P medium strategy, intracellular AQ started to increase on day 10 from 4 mg g 1 to 6 mg g 1 DW and reached a maximum level on day 21. P(21) cells reached an intracellular AQ content of 42 mg g 1 DW, which was 3.7-fold more than G(21) cells and sixfold more than M(21) cells. In comparison, the AQ content of callus cells and leaf tissue was 6.5 mg g 1 and 5.9 mg g 1 DW, respectively (Table 1) , which was comparable to that found in M medium cells. Thus the application of the P medium strategy succeeded in elevating AQ content to sevenfold that found in leaf tissue. The highest intracellular AQ titer was 2.1 g l 1 in P medium (comparable to Abdullah et al. (1998) for illuminated cultures), followed by 0.3 g l 1 in G medium and 0.1 g l 1 in M medium (Table 1) . The extracellular AQ levels in all cultures were around 1-6 mg l 1 as shown in Fig. 1c . The highest levels of extracellular AQ in M, G, and P media were 1.5, 6.1, and 3.6 mg l 1 , respectively, which suggests that AQs were not significantly released into the media.
In addition to showing the highest cell DW and AQ production, P(14) and P (21) There were indications that the higher AQ level during the stationary phase in M, G, and P media may be associated with increased H 2 O 2 level, which also coincides with a cessation in cell growth. In the leaf sample, however, although the AQ content was half that found in G(21) cells, the H 2 O 2 level was twofold that found in the latter. We postulate that oxidative stresses in the leaf could also be a result of the presence of hydroxyl radicals and superoxide anions and that the profile of metabolites and antioxidant activities could be more versatile in the leaf than in the cell cultures. Eleven types of AQ have been isolated in significant amounts from the roots of M. elliptica (Ismail et al. 1997 ), but only eight types have been isolated from M. elliptica cell suspension culture (Jasril et al. 2000) . Five of those isolated from the roots (nordamnacanthal, damnacanthal, 2-formyl-1-hydroxyanthraquinone, morindone, and alizarin) (Ismail et al. 2002) and two of those isolated from the cell suspension culture (nordamnacanthal and morindone) (Jasril et al. 2003) show higher antioxidant activities than a-tocopherol when tested with the ferric thiocyanate assay. Only morindone is considered to be active as a free radical scavenger in M. elliptica cell cultures (Jasril et al. 2003) .
Lipid peroxidation and antioxidant vitamins Figure 2 shows total MDA, total carotenoid, vitamin C and E contents in the M. elliptica cell suspension culture under different medium strategies and from the callus and leaf of M. elliptica. Lipid peroxidation is commonly used as an indicator of oxidative stress through the determination of MDA, the lipid peroxidation breakdown product. In the G and P media, total MDA content was higher in the mid-exponential phase than in the early-exponential or stationary phases (Fig. 2a) . The highest total MDA content was observed in P(14) cell suspension culture-40.4 nmol g 1 FW; this was closely followed by 36.9 nmol g 1 FW found in leaf tissue, then by 28.6 nmol g 1 FW in the G(14) cell suspension, and 25.8 nmol g 1 FW in the P(7) cell suspension. Total MDA content in callus (16.6 nmol g 1 FW) and in the G(21) cells (18.5 nmol g 1 FW) was comparable to that observed in M(7) cells (14.4 nmol g 1 FW). Similar to total MDA, total carotenoids were higher in cell suspensions in G and P media than in those cultured in M medium. Total carotenoid level in the M medium was only one-quarter of that observed in P(14) suspension cells (13.3 mg g 1 FW) and in leaf tissue (13 mg g 1 FW) one-half of that found in G(14) suspension cells (5.7 mg g 1 FW). The highest vitamin C content was found in leaf tissue-222 mg g 1 FW-followed by cell suspension and callus cultures, with levels ranging from 30 mg g 1 FW to 120 mg g 1 FW.
The vitamin E assay, in contrast, showed that M(7) cell culture had the highest content of vitamin E, with 482 mg g 1 FW, followed by P(7) cells, at 398 mg g 1 FW, G(7) cells, at 380 mg g 1 FW, and leaf tissue, at 208 mg g 1 FW. For comparison, the highest concentrations of b-carotenes found in tomatoes range from 3.5 mg g 1 to 3.9 mg g 1 ; vitamin C, from 360 mg g 1 to 480 mg g 1 ; total a-tocopherol, from 3.15 mg g 1 to 3.98 mg g 1 (Abushita et al. 1997) . In potato germplasm research, tubers of yellow-fleshed tetraploid cv. Desiree have been found to contain up to 3.4 mg g 1 FW total carotenoids, whereas orange-fleshed tubers of the diploid Solanum phureja 375/1 contain up to 22 mg g 1 FW total carotenoids (Taylor 2003) . The induction or reduction of antioxidant vitamins in cell cultures seems to have been determined by both the medium strategies and the stage of cell growth. With respect to total MDA, total carotenoids, and vitamin C, levels increased in the direction M!G!P medium strategies, but vitamin E level increased in the direction G and P!M medium strategies. Total MDA level in the cell culture reflected the level of H 2 O 2 , AQs, and carotenoids. The amount and ratio of antioxidants during different growth phases could be the determining factors to counter oxidative stress. For example, vitamin E content during the early-exponential stage, when the primary concern is probably to maintain membrane integrity for cell survival, was three-to sixfold that of the vitamin C level. Towards the mid-exponential or stationary phases, a reduction in vitamin C and E levels was observed with the cessation of cell growth, while H 2 O 2 level and AQ and carotenoids contents increased. It is worth noting that the highest level of vitamin E was observed in cells cultured in the M medium and that this level was reduced eightfold when total carotenoids, vitamin C, and AQs were limited. In the P medium, the level of vitamin E was reduced only fourfold, with the possibility of it being synthesized together with AQs and carotenoids concomittantly while being used. The elevation or reduction of antioxidant vitamins has also been observed in other plant models. Vitamin C content was higher than vitamin E levels in plants treated with diphenyl ether herbicide oxyfluorfen to induce peroxidation (Finckh and Kunert 1985) .
High levels of lipid peroxidation and total carotenoids were observed in the leaf; these were comparable to those found in cells cultured in P medium despite the former showing low H 2 O 2 and AQ content. Leaves may be more prone to lipid peroxidation by other forms of ROS such as superoxide anions and hydroxyl radicals because they are exposed to the external environment unlike cell culture systems. Vitamin C level in the leaf was twice that in the G and P medium cultures, and vitamin E levels in M, G, and P cultures were twice that found in the leaf (Fig. 2) . This is a further indication of different requirements for antioxidants under different levels and forms of stresses. Antioxidant activities in the leaf may be more versatile than those found in cell cultures with respect to other enzymic and non-enzymic antioxidants. The mechanism to counter ROS in both the whole plant and plant cell cultures is therefore dynamic and depends on the availability and levels of different types of antioxidants.
The important characteristic of the G and P media is that both have a high level of sucrose (8%, w/v), whereas the level of sucrose in the M medium sucrose is only 3% (w/v). The H 2 O 2 level in the P medium was ninefold and fourfold that in the M and G media, respectively. It has been suggested that oxidative burst and secondary metabolism are closely related (Berglund and Ohlsson 1995; Zhao et al. 2001) . Despite a high level of oxidative stress, application of the P medium strategy not only produced high cell growth and high AQ but also produced superior antioxidant vitamin levels. We therefore propose that by using the correct medium strategy, a balance can be attained whereby optimum cell growth can be achieved together with an optimum metabolic flux diverted into the production of intended compounds and the stimulation of antioxidative mechanisms. In the case of P medium cells, optimum carbon flux could be channeled towards IPP, a common precursor of carotenoids, tocopherols, and AQ biosynthesis. If these are competitive pathways, as a means of enhancing AQs, which reportedly show a higher antioxidant activity than tocopherol (Ismail et al. 2002; Jasril et al. 2003) , the benefits of blocking the carotenoid and tocopherol pathways in cell culture systems remain to be seen. The present study could pave the way for a greater understanding of the metabolic engineering of plant cell-based products, especially with regards to the competition between primary and secondary metabolisms, metabolic flux redistribution, and the channeling of precursors into major pathways of products of interest (including antioxidants).
Conclusions
This study shows that the level of H 2 O 2 in cell culture systems and the leaf is associated with the level of AQs but not cell growth. This generalization however can not be extended to the extent of lipid peroxidation and carotenoid content as the leaf samples showed higher levels of both despite low H 2 O 2 levels. For suspension cell culture of M. elliptica, the production (P) medium strategy resulted in the highest cell growth (49 g l 1 ), highest AQ production (42 mg g 1 DW; sevenfold higher than that in leaf tissue), highest H 2 O 2 level (9 mmol g 1 FW), highest total MDA level ( 40.4 nmol g 1 FW), and highest total carotenoid level (13.3 mg g 1 FW). P medium strategy could potentially optimize carbon flux into cell growth and AQ production while enhancing precursor diversion into vitamin E and carotenoid biosynthesis. The mechanism to counter ROS in the whole plant and plant cell cultures is dynamic and depends on the availability and level of different types of antioxidants.
